of life. It was through his study of normal development that Beard was able to postulate his theory regarding the nature of cancer. Briefly, he proposed that vagrant primary germ cells in conditions unfavorable for normal growth might develop into tumors when the nidus is suitable for such occurrences. A germ cell is considered to be vagrant if it is situated in any position other than along the germinal ridge. The "indefinite unrestricted powers of growth" inherent to primary germ cells allows the formation of malignancies with varying degrees of differentiation. 1,2(p290) These tumors resemble neither the organ that they are within nor embryonic tissues. Rather, they are similar in nature and structure to the invasive cells of the trophoblast. 2(p290) This is a very loaded definition with several important concepts intertwined within it. Underlying this theory is the requirement to understand the evidence for the existence of vagrant germ cells, the importance of asexual reproduction, Beard's theories regarding the antithetic alternation of generations, and the progression of normal development.
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In mammals, a single diploid zygote is formed after fertilization of an egg with a sperm. This then undergoes 3 asynchronous divisions to reach the 8-cell stage. From here the cells undergo another division and compaction whereby they lose their round shape and gain apical-basal polarity to form the morula. This is the first differentiation step as 2 groups of cells arise; those with restricted potential to form the embryo proper (the inner cells) and those that will form the trophoectoderm (the outer cells). The trophoectoderm differentiates to form the trophoblast, D r. John Beard (1857 Beard ( -1924 was an English embryologist who had very little knowledge of cancer when he initially began studying its etiology. He spent the last 2 decades of the 1800s investigating the development of the elasmobranch family of fish (skates, sharks, and rays) before turning his attention to the problem of cancer. At the time, embryologists were not thought of as the most socially licensed scientists to be proposing theories regarding the development of cancer. As cancer is concerned with dying, and not cominginto-being, research into these fields was thought best to be left to the surgeons and pathologists who are familiar with the facts and findings of carcinoma.
However, Beard boldly states that thus far they "have utterly failed to establish anything concerning the etiology of cancer, and without the intervention of the embryologist success may be as distant in the future as in the past." 1 This statement was made to stimulate the idea that cancer is not a disease but rather a natural phenomenon that can bring disease in its train. If cancer is viewed as such, then it becomes an issue of great relevance to the embryologist who is concerned with the blossoming forth
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The trophoblastic theory of cancer, proposed in the early 1900s by Dr John Beard, may not initially seem relevant to current cancer models and treatments. However, the underpinnings of this theory are remarkably similar to those of the cancer stem cell (CSC) theory. Beard noticed that a significant fraction of germ cells never reach their final destination as they migrate during embryonic development from the hindgut to the germinal ridge. In certain situations, upon aberrant stimulation, these vagrant germ cells are able to generate tumors. Simplistically, the CSC theory surmises that a small population of tumorigenic cells exists, which initiate and maintain tumors, and these cells have a likely origin in normal stem cells. Both these theories are based on the potential of a single primitive cell to form a tumor. This has a major implication for cancer therapy, in that only a small percentage of cells need to be targeted to ablate a tumor.
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the nonmaternal component of the placenta. The inner cells will continue to divide until a second differentiation step occurs whereby a preembryonic 2-layer structure is formed consisting of the epiblast and the hypoblast. The hypoblast contributes to the formation of the yolk sac and the extraembryonic mesoderm that lines this structure. The epiblast will go on to form the 3 germ layers; the endoderm, ectoderm, and intraembryonic mesoderm.
The rudimentary body systems are in place by the fourth week of human embryonic development. By the fifth week, the sex cords begin to develop after the primordial germ cells (PGCs) have colonized the undifferentiated germinal ridge. The presence of a Y chromosome drives the differentiation of the early indifferent gonads to form testes and sperm; its absence leads to the formation of ovaries and oocytes.
Akin to somatic lineages, there is progressive differentiation of primitive cells along the route to gamete formation. The PGCs are a transient cell population that can initially be located posterior to the primitive streak in the extraembryonic mesoderm at 7 days gestation in the mouse embryo through their strong expression of tissue nonspecific alkaline phosphatase. 3 In normal development, the distal region of the day 6.5 mouse embryo contains the progenitor cells for the ectoderm, endoderm, and mesodermal lineages. The PGC precursors as well as the progenitor cells for the extraembryonic mesoderm and the amnion ectoderm populate the proximal region of the epiblast. 4 Distal epiblast cells with a usual neuroectodermal fate will form PGCs when transplanted into the proximal region of the epiblast. 5 Conversely, cells from the proximal region of the epiblast that would have formed PGCs will form neural tissue when transplanted into the distal region of the epiblast in a developing embryo. 6 Thus, the progenitor cell of the PGC population is nonspecific in that its fate is not defined by an intrinsic property but rather by the niche in which it resides.
Once formed, the PGCs have the inherent potential to rapidly expand and migrate through the embryo proper. At day 8 in normal development, these PGCs are centralized at the base of the allantois, distributed between the mesodermal and endodermal tissues comprising this structure. 3 At 8.5 days, PGCs are located in the primary endoderm and the early hindgut, and by day 9.5, they are just entering the mesentry on the way to the genital ridge. During this migration, the PGC population expands from 145 cells on day 8.5 to 25 791 cells on day 13.5. Full colonization of the genital ridge, which is located along the dorsal wall of the abdomen, occurs by day 13.5. 7 Here, the PGCs aggregate and, along with the somatic cells of the genital ridge, form the primitive sex cords. From here, gametogenesis can ensue leading to the production of the male and female gametes. Theoretically, every single PGC that is produced has the potential to give rise to a sperm or an egg and thus a new organism if the opportunity arises. It is this potential that led Beard to speculate that cancers arise from germ cells (PGCs) or, more specifically, vagrant germ cells that are activated at a later stage in life.
It is within the elasmobranch family of cartilaginous fishes, the model system used for his previous work on transient nervous systems, that Beard initially demonstrated the existence of vagrant germ cells. Although he studied this phenomenon in several species, his main bodies of work focused on Pristiurus melastomus (Rafinesque, 1810), family Scyliorhinidae-later renamed Galeus melastomus (Rafinesque, 1810) and commonly known as the blackmouthed catshark-and other skates in the genus Raja. After painstakingly evaluating approximately 1000 skate embryos, Beard was unable to find any example where all the PGCs were in their correct position. 8 Using the P. melastomus embryos, Beard was able to enumerate the number of germ cells present along the germinal ridge and found that it always fell short of the expected number generated through supposing that exponential expansion would lead to 2 n cells. Looking elsewhere in the embryo, he was able to find germ cells in unexpected places such as the body cavity, the somatopleure, the liver, the subintestinal vein, the mesenchymal tissues below the gut, and the gut epithelium. Less often, these cells were found in the gills and the pericardium. Embryos chosen for enumeration studies were between 5 and 16 mm in diameter, with size being used as a surrogate for developmental stage; 130 embryo sections were made per millimeter and stained with Heidenhain's hematoxylin. 8, 9 An average of 127 germs cells were observed in P. melastomus; a range of 2% to 11% of these were vagrant with the higher percentages being attributed to younger embryos. These vagrant germ cells are normally decrepit, degenerating shortly after deposition. Occasionally, these cells will persist in a viable state. These enduring germ cells rarely, if ever, continue on their path to the germinal ridge. The locations of these cells noted by Beard correspond to some of the more common regions where cancers were found in the beginning of the 20th century (the intestines, kidneys, liver, stomach, and skin). However, oral-esophageal and mammary cancers were also frequently seen at this time. As fish do not have mammary glands, Beard was unable to provide any evidence for his theory with respect to breast cancers in this system. Further to this, he did not have any direct observational evidence of vagrant germ cells in the mouth and esophagus. To clarify this discrepancy, he explained that germ cells can reach these regions in the areas where folds and layers of tissues come together during embryogenesis and essentially create "holes" through which vagrant cells can pass. Although plausible, but highly speculative, Beard needed to incorporate this into his theory to account for the development of other common cancers in areas where vagrant cells are not seen. This ensured that the viewpoint of his day, that there can only be one cause for cancer, was satisfied.
Although Beard postulates that cancers arise from germ cells, he did not suppose that tumor tissue is gametoid. It is also neither somatic nor embryonic. Rather, it is reminiscent of the trophoblast cells that form the outer layer of the blastocyst. 2(p290) There are 2 important concepts essential to the formation of this idea. The first is that cancers behave similarly to the cells of the trophoblast, and the second is that like the trophoblast, cancers arise from the asexual generation of development. 1 Differentiating between the asexual and sexual generation in mammals was imperative to Beard and stemmed from Frederick Bower's detailed work on the antithetic alternation of generations in plants. 10 In plants, this is a phenomenon whereby 2 distinct phases of life occur in alternation. The asexual phase refers to the growth of a plant after a fertilization event and the subsequent formation of spores. The sexual phase refers to the growth of the gametophyte from the spore and the production of gametes from this. These gametes can then go on and fuse to create a diploid zygote, which returns the cycle back to the asexual phase. The prevailing view of mammalian development at the time was simplistic and 1-dimensional: an egg leads to the formation of an embryo, which when mature, forms a new egg from its own tissues.
Beard proposed that animals were akin to flowering plants in that passage from egg to egg requires the existence of an asexual and a sexual generation. The asexual phase refers to the formation of the trophoblast and primary germ cells from the embryo. Following this, the sexual phase refers to the unfolding of the embryo, sex determination, and the maturation of the germ cells into gametes (gametogenesis). The cycle starts again when a new zygote is formed. 1 Beard emphasized that the trophoblast must be thought of separately from the sexual generation because it arises prior to any other part of the embryo; it may persist after the complete disappearance of the embryo, and it is never incorporated into the fetal tissues. 2(p290) This clear distinction between sexual and asexual generation was absent in the perception of the life cycle at that time. In Beard's opinion, this misunderstanding had prevented all scientists until that point from grasping the true nature of cancer.
Beard hypothesized that cancer arises from the preembryonic portion of the life cycle from germ cells aberrantly activated at a later period in life. Normal germ cells, having survived through fetal development and maturation, have the power to give rise to another complete individual. 1 It is this capacity for growth, long life span, and intrinsic ability to migrate during embryogenesis that led Beard to speculate that germ cells are the cells of origin for all cancers. However, because gametoid tissue had not been found in tumors, including teratomas, the germ cells are not activated to proceed down the pathway of sexual differentiation that they are normally destined to take. This is presumably because of their location within a microenvironment that does not support their appropriate differentiation pathway. By default, Beard speculates that the activated vagrant germ cells will continue to divide as part of the asexual generation from which they were formed and result in outgrowths that resemble the trophoblast in nature.
Defined by Ambrosius Hubrecht in 1889, the term trophoblast refers to the epiblast of the blastocyst that has direct nutritive value through contact with maternal tissues. 11 In mammalian development, the trophoblast, after becoming completely lined with a layer of extraembryonic mesodermal cells, becomes known as the chorion. The villi that emerge from the chorion penetrate into the maternal endometriod and absorb nutrients for the embryo to grow. It is this invasive property that led Beard to suggest that malignancies are trophoblastic in nature. Like the cells of the trophoblast, neoplasms are able to invade and erode their way through other structures in the body. Thus, malignancies "nourish themselves by eroding and destroying normal cells and tissues in a manner exactly like that of the trophoblast of normal development." 12 Beard did not believe that a regular somatic cell had the capacity to take on this ability. 2(p290) Therefore, the cancer cell of origin had to arise from a more primitive cell type that has not lost these facilities through differentiating and thus still retained the potential to take on the trophoblastic phenotype.
In a similar vein, a popular theory of cancer development today, the cancer stem cell (CSC) theory, also surmises that cancers arise from a primitive cell with a large capacity for growth and a long life span. Confirming the validity of the CSC theory as the mechanism by which tumors initiate and maintain themselves has major implications for the efficacy of current cancer treatments and identifying future therapeutic targets.
As an embryologist, Beard was adamant that the only way to understand cancer biology was through the study of normal development. It was only through the study of normal germ cells that Beard's trophoblastic theory of cancer came to fruition. Likewise, the CSC theory was only able to come into being after the discovery of somatic stem cells in the hematopoietic system and other subsequent tissue types. Hematopoietic stem cells were initially identified as cells that, when injected into an irradiated donor mouse, formed colonies in the spleen. 13 Although a single cell of origin was suspected, evidence that these colonies were truly clonal in origin came by using irradiation to create unique chromosomal aberrations to mark the cell of origin in the spleen colony-forming assay. 14 Simultaneously, evidence that not all tumor cells were capable of growth upon transplantation, surfaced in both humans and in mice. 15, 16 There are 2 theories to explain the evidence that not all cancer cells are tumor-initiating cells. The first is the stochastic model, which suggests that most malignant cells have the capacity to form a new tumor but can only do so under the correct conditions. This implies that the assays used to determine clonogenicity or tumorigenicity are limiting rather than an inherent property of the cells preventing growth. The other model postulates that only a small subset of cells, the CSCs, have the potential to form a new tumor and thus are the only cells that would ever read out in these assays. 17 The technology required to determine the accuracy of either theory did not exist until after 1970 when the production of monoclonal antibodies was first described, and they were applied to fluorescence activated cell sorting (FACS). It then became possible to prospectively identify a small subset of tumor cells that were able to proliferate and re-form the tumor in a new host. An example of this was the identification of a human acute myeloid leukemia-initiating cell through the profiling of cell surface marker expression. Cells with the CD34 + CD38 − immunophenotype were able to recapitulate the disease pattern seen in the original patient when they were transplanted into severe combined immune-deficient mice. The CD34 + CD38 + and the CD34 − fractions were unable to do so. 18 Tumor-initiating populations have now been identified in a growing list of malignancies, including breast cancers, 19 brain tumors, 20 chronic myelogenous leukemia, 21 head and neck cancers, 22 colon cancer, 23 and pancreatic cancer. 24 This tumorigenic subset of cells, referred to as cancer stem cells, are considered the only hazardous cells in the tumor; the rest are just differentiated cells that are taking up space. This is beginning to revolutionize the way people think about designing cancer therapy because only this small subset of cells will need to be eliminated in order to ablate a tumor.
The term cancer stem cell implies an origin from normal tissue stem cells. A stem cell is characterized by the capacity to differentiate into multiple cellular lineages and to self-renew in an undifferentiated state. This definition has caveats depending on the type of stem cell and the location of the cell within the body. The majority of the cells within an early embryo will eventually differentiate giving rise to the stem cell compartments, which then form and maintain somatic tissues in the adult organism.
It remains to be seen if CSCs arise from normal stem cells that have lost some crucial regulatory mechanisms or from differentiated cells that have reverted back into a stem cell-like state. In his writings, Beard put forth that there is a wide and impassable gap that exists between the potentiality of a somatic cell and that of a germ cell. 25 It would be easier for the germ cell that already possesses a theoretically unlimited replicative potential to form a tumor than a somatic cell that does not posses this capability. His argument was that granting this potential without evidence to individual cells would be analogous to saying that a man can return to his childhood. 2(p290) That being said, dedifferentiation of somatic cells into more primitive cell types is known to occur in some animals, such as the larval amphibians, as part of the regenerative process. In addition to this, the ability to reprogram differentiated cells back into a pluripotent-like state akin to embryonic stem cells has now been shown in a multiplicity of cell types. [26] [27] [28] [29] [30] [31] [32] [33] [34] It remains to be seen if this occurs in cancer development.
Albeit limited by the fundamental understandings of his day, Beard was able to postulate several of the aspects important to cancer biology today, specifically with relation to the CSC theory. Implied within the CSC theory is that tumors have the ability to arise from a single cell. This is also a driving notion in Beard's trophoblastic theory whereby a single vagrant germ cell is able to generate the entire tumor. Also, the ability of a germ cell to form a tumor reflects the "unconscious memories" of the cell. The theory of unconscious memories of germ cells was put forth by Ewald Hering; its relationship to cancer was explored by Beard. 2(p290) His thoughts were that these unconscious memories, coupled with stimulation by environmental cues, allow the tumor to mimic the organ within which it lies. This is also reflected in the CSC theory as it is incorporated into the definition of a stem cell and the concept of the niche, that is, the anatomical location of the stem cell that influences its ability to proliferate and differentiate.
Having identified what he believed to be the cause of all cancer, Beard was free to begin exploring methods to eradicate it. He turned his attention to the pancreatic enzymes, specifically trypsin and amylopsin (more commonly referred to as amylase). If injected, Beard believed that trypsin would be able to travel through the circulation and liquefy the tumor while leaving the vasculature unscathed. Specificity toward cancer cells was supposedly gained by the asexual nature of cancer tissues. Beard's argument stemmed from the belief that the sexual and asexual generations are made up of opposite stereoisomers of compounds. Originally promulgated by Louis Pasteur, stereoisomerism refers to compounds with the same molecular formula and chemical bonds but a different spatial arrangement of atoms. Isomers that are able to rotate the plane of polarized light to the right are referred to as dextrorotatory and those that rotate it to the left are levorotatory. Beard surmised that the asexual generation is formed from dextroalbumins (d-albumins), levostarches, and levosugars. Correspondingly, the sexual generation is composed of the opposite optical isomers of these compounds. When injected, trypsin will act on the d-albumins of the asexual generation and digest the tumor while leaving the normal cells intact. However, the digestion of the d-albumins by trypsin produces toxic by-products that can be detrimental to patients. Because of this, there is an obligatory requirement for the co-injection of amylopsin that will act on these by-products and reduce them to a harmless state. Beard provides strict guidelines for clinicians regarding the correct enzyme preparations to use, the concentrations required, and the dosing needed to generate a response. He is able to report on 2 cases in which this treatment was successful and discounts all reports to the contrary by assigning that they used inadequate preparations or insufficient dosages. 2(p290) The validity of this theory and evidence for or against its efficacy is beyond the scope of this work.
Throughout his writings, Beard fully admits that this theory is based wholly on observation and is inferred from the facts presented to him from his work as an embryologist. Unfortunately, the very nature of the hypothesis is such that it could not be confirmed through direct observation, and his ideas remained largely unaccepted by his peers. We do not question today that germ cells can lead to some forms of cancer.
Testicular cancer is the most commonly diagnosed cancer in Canadian males between 20 and 44 years of age. As 54% of these tumors are seminoma and 41% are nonseminoma germ cell tumors, almost all testicular tumors arise from PGCs. Within the same age group, 12% of ovarian cancers are germ cell tumors. 35 Therefore, it is known now that germ cells can indeed lead to malignancies later in life. That they are in the gonads where germ cells normally reside does not lend evidence to Beard's theory of vagrant germ cells leading to cancer development. However, the existence of extragonadal germ cell tumors in the pineal gland, mediastinum, retroperitoneum, and sacrum does. These are sites present along the migratory route that PGCs take during development. Beard's theory is, therefore, applicable to some forms of cancer but not necessarily all. This was at a time when the existence of hematopoietic stem cells was just being theorized; there was still no concept of adult tissue stem cells. Although the origin of the cell was incorrect, Beard still postulated that a single primitive cell with the ability to differentiate down multiple lineages was the cause of all cancers. A century later, there is mounting evidence to support the fact that these basic concepts are indeed true.
